Background: The expression of the HTT CAG repeat expansion mutation causes neurodegeneration in Huntington's disease (HD). Objectives: In light of themainly in-vitroevidence suggesting an additional role of huntingtin in neurodevelopment we used 3T MRI to test the hypothesis that in CAG-expanded individuals without clinical signs of HD (preHD) there is evidence for neurodevelopmental abnormalities. Methods: We specifically investigated the complexity of cortical folding, a measure of cortical neurodevelopment, employing a novel method to quantify local fractal dimension (FD) measures that uses spherical harmonic reconstructions. Results: The complexity of cortical folding differed at a group level between preHD (n=57) and healthy volunteers (n=57) in areas of the motor and visual system as well as temporal cortical areas. In addition, there was no association between the complexity of cortical folding and the loss in putamen volume that was clearly evident in preHD. Conclusions: Our results suggest that HTT CAG repeat length may have an influence on cortical folding without evidence that this leads to developmental pathology or was clinically meaningful. This suggests that the HTT CAG-repeat expansion mutation may influence the processes governing cortical neurodevelopment; however, that influence seems independent of the events that lead to neurodegeneration.
A C C E P T E D M A N U S C R I P T [3] 
Introduction
A CAG repeat expansion mutation in the HTT gene causes Huntington's disease (HD), a neurodegenerative mixed movement disorder with behavioural abnormalities and cognitive decline. Neurodegeneration, for instance striatal volume loss (1, 2), likely begins many years before the emergence of unequivocal signs of manifest HD (3) . Given that for instance striatal volume loss was not evident in very far from onset carriers of the HD mutation the brain structural phenotype of neurodegeneration may take many years, or even decades, to develop from the chronic expression of the HTT mutation (4) .
The precise function(s) of HTT remain incompletely understood. HTT is a large stable protein which is ubiquitously expressed in the murine and human brain (5) . HTT seems important in neurodevelopment in model systems as HTT knock-out in mice results in major abnormalities of the brain and lethality shortly after birth (6) (7) (8) , and depletion of wild-type HTT in the postnatal mouse CNS results in progressive neurodegeneration (9) . In chimeric embryos selective knockdown of HTT leads to abnormal differentiation of neuroblasts in the striatum, cortex and thalamus (10) , and embryonic loss of HTT in postmitotic projection neurons affects neuronal morphology, e.g. dendritic arborization in adulthood in mice (11) . Apart from one study reporting smaller intracranial volumes in preHD (12) it remains little understood whether the evidence suggesting a role of HTT in neurodevelpment in HD models translates to a neurodevelopmental signature in humans carrying the HTT CAG repeat expansion, Structural MRI has contributed greatly to our understanding of the neurodegenerative aspects of HD (3) . Here, we used structural MRI in CAG-expanded individuals without clinical signs of manifest HD (preHD). We investigated the complexity of cortical folding, a measure of cortical neurodevelopment, employing a novel method to quantify local fractal dimension (FD) measures that uses spherical harmonic reconstructions (13) . We expected bilateral striatal GMV loss in preHD as evidence of neurodegeneration (2, 14) but also differences to healthy volunteers in our A C C E P T E D M A N U S C R I P T [4] measures of neurodevelopment. Finally, we hypothesized that a CAG size driven relationship exists between the measures of neurodegeneration and neurodevelopment. 4 . Materials and methods 4 
.1 Participants
We studied 57 right-handed participants with a molecular genetic diagnosis of a CAG repeat expansion (≥38) in the Huntingtin gene (Table 1) and a diagnostic confidence level score of ≤ 2 on the motor Unified Huntington's Disease Rating Scale (UHDRS) (15) . All participants underwent a thorough neuropsychiatric examination including the complete UHDRS by clinicians with a longstanding expertise in HD (GBL and MO). PreHD participants with a history of another neurological disorder, a history of head trauma or learning disabilities were excluded from the study. The burden of HD pathology was estimated using a formula based on age and CAG repeat length (CAGn-35,5) x age) (16) .The healthy volunteer group consisted of 57 right-handed participants matched for age, education and handedness. All participants underwent a semistructured psychiatric interview in order to exclude axis-I and axis-II disorders according to DSM-IV-TR. Participants with a neurological or a psychiatric disorder according to DSM-IV-TR criteria, substance abuse or dependence were excluded. The participants` consent was obtained according to the Declaration of Helsinki and the study has been approved by the local ethics committee (Ulm University, Germany). Participants gave written informed consent following a complete description of the study's aims and procedures.
MRI data acquisition
High-resolution structural data were acquired using a 3 T Magnetom ALLEGRA (Siemens, Erlangen, Germany) head MRI system. The MRI parameters of the three-dimensional magnetization-prepared rapid gradient-echo (3D-MPRAGE) sequences were as follows: TE = 3.93
A C C E P T E D M A N U S C R I P T [5] ms; TR = 2080 ms; TI = 1100 ms; FOV = 256 mm; slice plane = axial; slice thickness = 1 mm; Cortical thickness (CT) was analyzed following the workflow specified in Dahnke et al., 2013 (17) as implemented in CAT12. Specifically, this workflow comprises tissue segmentation to estimate the white matter distance, which in turn is used to project the local maxima to other gray matter voxels. Resampled surface data for CT were smoothed using an 18mm (and a 15mm) Full Width at Half Maximum (FWHM) Gaussian kernel prior to 2 nd level analyses. In 2 nd level between-group t-tests we computed vertex-wise analyses across each hemisphere. Statistical significance was based on a family wise error (FWE) corrected cluster-level threshold of p<0.05
Complexity of cortical folding (CCF) was analyzed following the wokflow specified in Nenadic et al., 2014 (18) , which is based on Dahnke et al., 2013 (see above) as implemented in CAT12.
Resampled surface data for FD were smoothed using a 25mm (and a 20mm) Gaussian FWHM kernel prior to 2 nd level analyses (17, 18) . In 2 nd level between-group t-tests we compared FD values at the vertex level, i.e. values in each of the vertices across each hemisphere. Statistical significance was based on a family wise error (FWE) corrected cluster-level threshold of p<0.05.
For CT analysis a kernel size of 18mm was chosen according to the expected spatial dimension of effects observed in our data. As parameters based on cortex folding (e.g. CCF) need a larger filter size, we used a kernel size of 25mm. To exclude an impact of smoothing kernel on both parameters, we reanalyzed our data with the lower kernel sizes (e.g. 15mm for CT and 20mm for A C C E P T E D M A N U S C R I P T [6] CCF).
VBM included spatial normalization, segmentation and smoothing. In brief, each participant's original T1 image was spatially normalised and segmented into gray and white matter and cerebrospinal fluid (CSF). After data preprocessing, modulated normalised gray matter volumes (GMV) were smoothed using an 8 mm FWHM Gaussian kernel prior to 2 nd level between-group analyses. GMV differences between the groups were calculated using a two-sample t-test model adjusted for age, gender and total intracranial volume (ICV) (sum of gray and white matter and CSF). An absolute threshold of 0.2 was used to prevent effects located at tissue border regions.
Inference of meaningful local group differences was based on a FWE-corrected threshold of p<0.05 at the cluster-level. Stereotaxic coordinates of significant between-group differences in GMV are reported from maxima within a given cluster according to the Montreal Neurological Institute (MNI) template. Following peak voxel values, distinct anatomical regions emerging from the between-group comparisons were labelled according to the Neuromorphometrics Atlas (http://www.neuromorphometrics.com/), as implemented in SPM12.
We were specifically interested in relationships between CCF in cortical motor regions, putamen GMV, genetic and clinical markers, such as CAG repeat length and UHDRS motor score. To test for such associations, we used a region-of-interest (ROI) approach to extract FD values from regions emerging from between-group comparisons on the 2 nd level (see below). FD values within the preHD group were extracted using the Desikan-Killiany Atlas. FD values of the left precentral and the right posterior cingulate cortices were considered. Next, within the preHD group MarsBar 
Results

Clinical and demographical data
The groups did not significantly differ with respect to age, gender or education. PreHD individuals had a significantly higher UHDRS total motor score than healthy volunteers; however, the mean total motor score was still low and well below thresholds that are associated with motor manifest HD (19) compared to controls (Table 1) . Two preHD participants (one male, one female) had a CAG repeat size of 38.
A C C E P T E D M A N U S C R I P T [8] 
Cortical thickness and cortical complexity
CT was similar in healthy controls (HC) and preHD. In contrast, CCF significantly differed between preHD and HC: Within the left hemisphere in preHD FD was lower than in HC in a cluster including supramarginal and postcentral cortex, precentral cortex and lingual gyrus, see Figure 1 and Table 2 . At the same time in the left hemisphere of preHD participants FD was greater than in HC in middle and superior temporal cortex; see Figure 2 and Table 2 . For the right hemisphere, FD was lower in preHD than in HC in precuneus, posterior and middle cingulate gyrus and lingual gyrus; see Figure 2 and Table 2 .
For completeness, Table 1 and Figure 1 supplementary data display CT differences between preHD and controls in regions that did not survive a FWE-corrected cluster-level threshold of p<0.05. Briefly, at this significance threshold preHD showed lower CT in left postcentral cortex bilateral temporal regions, bilateral precuneus and the right supplementary motor cortex. Higher CT in preHD compared to controls was found in left temporoparietal regions and the left lingual gyrus.
Finally, we also investigated CCF with a gender-balanced sample including 48 controls and 48 preHD (m/f=24/24, controls mean age/SD=39.6/9.9 years, preHD mean age/SD=39.2/9.2, p=0.83), mean/SD repeat length and DBS in preHD=41.7/2.3 and 236.8/82.9). These analyses confirmed lower CCF in preHD in left postcentral, supramarginal and precentral gyri. The lingual gyrus cluster did not survive FWE-correction (p=0.20, k=397 vertices). Higher CCF in preHD compared to controls was also confirmed for the cluster comprising the left middle and superior temporal gyri. Analyses for the right hemisphere showed lower CCF in preHD in a cluster comprising the precuneus and posterior cingulate gyrus. The middle cingulate and lingual gyri did not survive FWE-correction (p=0.1, k=410 and p=0.39, k=85 vertices). Table 5 in the supplementary data displays stereotaxic coordinates, anatomical denominations, cluster sizes and Z-scores for regions A C C E P T E D M A N U S C R I P T [9] that did survive a FWE-corrected cluster-level threshold of p<0.05.
Effects of smoothing kernel
To investigate the impact of the smoothing kernel on CT, the individual CT images were smoothed with a 15mm FWHM Gaussian kernel. Using these data, we recalculated between-group analyses, as described above. Significant differences between the groups were not found using a FWEcorrected cluster-level threshold of p<0.05. Table 2 in the supplementary data displays supplementary data displays stereotaxic coordinates, anatomical denominations, cluster sizes and Z-scores in regions that did not survive a cluster-level correction.
In addition, to investigate the impact of the smoothing kernel on CCF, the individual CCF images were smoothed with a 20mm FWHM Gaussian kernel followed by between-group analyses, as described above. This confirmed the previous findings for the left hemisphere, as described above.
For the right hemisphere, CCF in preHD was lower in precuneus, lingual and middle cingulate gyrus (p<0.05, FWE-corrected). Significance was not confirmed for posterior cingulate gyrus (see Table 3 supplementary data).
Voxel-based morphometry
Total intracranial volume (sum of gray and white matter and CSF) was similar in healthy volunteers and preHD (mean=1537.9ml, SD=136.7 versus mean=1514.8ml, SD = 172.9, p=0.43).
Also, total GMV and white matter volume (WMV) was similar between healthy persons and preHD (GMV: mean = 666.52 ml, SD = 65.1 versus mean = 652.8 ml, SD = 65.2, p=0.26; WMV: mean = 550.3 ml, SD = 63.7 versus mean = 537.6 ml, SD = 77.1, p=0.34). Compared to HC preHD participants had lower GMV in the putamen bilaterally; see Figure 3 and Table 2 . There were no regions with higher GMV in preHD compared to healthy controls.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T [10] 5. Including median-split CAG values coded as a binary predictor before backward elimination resulted in identical final models as shown above. Also forcing this predictor to be included in the final models did not improve model performance (Figure 3 , supplementary data).
Though statistically not significant, given gender imbalance between the healthy volunteers and HD participants, we repeated CCF between-group analyses using gender as nuisance variable ( 
A C C E P T E D M A N U S C R I P T [11] sizes and Z-scores from regions surviving a FWE-corrected cluster-level threshold of p<0.05). In brief, this analysis confirmed the previous findings for the left hemisphere, whereas for the right hemisphere, lower CCF in preHD was confirmed in all areas except for the right lingual gyrus.
Discussion
Here we investigated measures of cortical neurodevelopment and structural integrity in healthy individuals carrying the HTT CAG repeat expansion mutation (preHD). As a new finding we show differences in measures of the cortical complexity at a group level between preHD and healthy volunteers in areas of the motor and visual system as well as temporal cortical areas. While our results suggest that HTT CAG repeat length may have an influence on cortical folding it is important to note that there was no evidence that this leads to developmental pathology or was clinically meaningful. In addition, there was no association between FD in motor regions and the putamen atrophy that was clearly evident in preHD. This indicates that the HTT CAG-repeat expansion mutation may influence the processes governing cortical neurodevelopment; however, that influence seems independent of the events that lead to neurodegeneration.
Somemainly in vitroevidence points to a possible role of HTT in neurodevelopment, and altered shape of cerebral gyri and sulci and significantly lower measures of head circumference in comparison to healthy controls may be the clinical expression (20, 21) . We used neuroimaging methods to investigate whether the brains of people carrying the HD mutation differed in measures of neurodevelopment from those of healthy age-and sex-matched volunteers. We first assessed total intra-cranial volume given the observation of smaller intra-cranial volumes in preHD (12) but found volumes to be similar in preHD and healthy volunteers. We next measured the FD, perhaps a more sensitive measure of cortical neurodevelopment (13) . The preHD group differed from the healthy volunteer group in the amount of cortical folding in temporal regions, and in A C C E P T E D M A N U S C R I P T [12] areas of the motor and visual system. Our results in preHD differ from what has been observed in known neurodevelopmental disorders such as autism where higher cortical folding was seen in frontal, temporal and parietal regions, more pronounced in children than in young adults (22) or in rare genetically determined neurodevelopmental disorders, such as Williams syndrome (23) or 22q deletion syndrome (24) . Our findings could suggest that HTT gene expression is a factor that contributes to cortical development in particular in those regions that differed between healthy volunteers and preHD. The influence of the HTT gene could be modified depending on the size of the CAG repeat length within its first exon. From a neurodevelopmental perspective, the lateral temporal cortex expands twice as much as other regions during normal human development (25) .
Regions of higher expansion tend to be less mature both structurally and functionally and are characterized by less synaptic density and dendritic arborisation, thus they might be more sensitive to postnatal changes (25) . Tension along axons (or mechanical stretch) may represent the primary driving force for cortical folding patterns (26, 27) . During expansion of the brain, these tension forces occur in relation to surrounding regions (26) , pulling interconnected regions together and weakly interconnected regions apart. Furthermore, these forces seem influenced by differential growth of the brain and the different cortical layers (25, 27, 28) as well as dendrite maturity and morphology (29) . In our human CAG-expanded participants the MRI measure of neurodevelopment did not reveal any clear cut pathology that would suggest neurodevelopmental abnormalities. It is possible, however, that HTT expression can influence neurodevelopment either as a function of HTT or via transcription regulation of other genes, so that it is conceivable that neurodevelopmental indices vary depending on CAG repeat size (5).
We did not find any CT differences between the two groups. In previous preHD studies lower CT was more pronounced with proximity to symptom onset, but less pronounced during very early presymptomatic stages (2, 30, 31) . The disease burden of our sample is similar to previous studies, i.e. TRACK-baseline data of the preHD-A cohort (2) , and others (31) , which have not shown significant cortical thinning in the far from onset group. In our sample, CT between group [13] differences did not survive stringent correction. Even without the cluster-correction we only found little overlap between FD and CT changes, particularly not in precentral and cingulate cortices.
A C C E P T E D M A N U S C R I P T
We next asked whether the group differences in FD were associated with clinical measures. Our preHD participants were clinically well so it is not surprising that we did not find any associations of the neurodevelopmental measures with, for example, motor ratings. Subtle neurological abnormalities have already been detected in the preclinical phase of Huntington's disease (32) . The UHDRS was not developed to capture the clinical phenotype in preHD. Quantitative measurements of the motor phenotype might detect signal that is not picked up using rating scales.
If so, it remains to be determined whether any such signal is an expression of disease or merely reflects variability within the range of normal human behavior.
Overall, our data are consistent with the notion that people carrying the CAG expansion are clinically well until they manifest signs of HD as a consequence of neurodegeneration (4). We then investigated whether cortical neurodevelopment early in life influences neurodegeneration later in life. To this end we assessed the relationship between the neurodevelopmental measures and putamen volume as a signature of the HD neurodegenerative process. Bilateral striatal volume loss, as we also report in the current study, is a particularly robust finding in preHD closer to motor onset and in manifest HD (2, 33) . While putamen volume also varied in our preHD participants and healthy volunteers, and there was overlap between the two groups, a number of preHD participants had putamen volumes considerably smaller than the lower end of the volume distribution in healthy volunteers. Since in very far from motor onset preHD there was no evidence of any structural abnormalities this suggests that the structural changes closer to onset, and after onset, result from a neurodegenerative process that begins, in most cases, in adulthood (4). We did not find any association between FD of motor regions and putamen volume. This suggests that cortical folding and volume of regions relevant to voluntary movement control may not be related.
However, FD of parietal regions (i.e. precuneus and supramarginal cortex) and CAG repeat length were significant predictors of mean putamen GMV. This supports the notion of a relationship A C C E P T E D M A N U S C R I P T [14] between gyrification and brain volume in some regions (34) but we caution against extending this to brain volumes in the pathological range, for instance caused by neurodegeneration. This would ideally require longitudinal studies.
The use of the FD measures to assess CCF (13) is a strength of this study. In comparison to the local gyrification index (35, 36) , FD does not depend on how the limits of the outer cortical surface are defined and how brains are normalised. This minimises the effect of brain size and may help reduce data variability. In addition, using spherical harmonic (SPH) reconstructions (13) the number of vertices remains the same for all reconstructed surfaces. This reduces the influence of individual vertex alignment. Therefore, information from multiple regions is used and local FD for each vertex is calculated within the reconstruction. In addition to these methodological advantages, cortical folding itself remains quite stable in mid-adulthood following the main phases of cortical folding in the second half of pregnancy (37) , immediately after birth (37) , in childhood, adolescence and early adulthood (38) (39) (40) . Cortical complexity, however, may change in elderly people with age-related brain atrophy, as e.g. shown in people 68 to 73 years of age (38) .
Moreover, in other neurodegenerative conditions, such as Alzheimer's disease (AD), several markers of cortical integrity were abnormal, including FD and local gyrification (41) . Importantly, however, local cortical complexity in individuals with AD was not associated with age (41) . In our mid-adulthood participants, there was no regional cortical atrophy, as indicated by VBM and CT analyses, as well as similar total grey and white matter volumes in controls and preHD. This indicates that FD in our participants was unbiased by disease-or age-related volume loss and thus solely reflects neurodevelopment.
The size of the present sample is a further strength of our study even though one could argue that the differences in intra-cranial volumes in preHD compared with healthy volunteers needed a larger cohort than ours (12) . Despite such methodological advantages, we acknowledge several limitations of this study such as the cross-sectional design. Longitudinal studies could help answer the question whether cortical folding differences are related to rates of cortical or subcortical A C C E P T E D M A N U S C R I P T [15] atrophy and to functional deterioration. We also acknowledge that findings derived from multiple regression models are based on uncorrected significance thresholds and should therefore be interpreted with caution. Finally, CAG repeat length range was limited in the preHD sample, ranging from 38-48. It is possible that individuals with more expanded CAG repeats may show more pronounced and more widespread CCF changes.
In conclusion, our data suggest a potential influence of the HTT CAG repeat expansion on cortical folding in areas of the motor and visual system as well as temporal cortical areas. The macrostructural evidence suggesting some influence of HTT on neurodevelopment does not necessarily allow for any conclusions to be drawn for what happens at the micro-structural level.
Hence, it remains a possibility that mutant HTT affects e.g. dendritic arborisation, however, based on clinical impression any such influence does not seem clinically relevant. We found no association between the CCF measured by FD and the putamen atrophy that was clearly evident in preHD. This indicates that the HTT CAG-repeat expansion mutation may influence the processes governing cortical neurodevelopment; however, that influence seems independent of the events that lead to neurodegeneration. It has been reported that CAG repeat expansion may be phylogenetically relevant for brain development (42) , and, in humans, may have a non-linear influence on measures of intelligence (43) . How the relationship of HTT CAG repeat length to cortical folding relates to the questions of the evolution of the human species remains speculative, and its association with brain function will require further work.
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Figure legends
Figure 2
Increased FD in preHD compared to healthy controls. Results of 2 nd level between-group t-test, p<0.05, FWE cluster-level correction. The colour bar represents the T-value.
Figure 3
Voxel-based morphometry (VBM) analysis: decreased striatal gray matter volume in preHD compared to healthy controls; results from the 2 nd level between-group t-test, p<0.05, FWE cluster-level correction. The 2 nd level maps were rendered on the anatomical template implemented in MRIcron (http://people.cas.sc.edu/rorden/mricron). The colour bar represents the T-value.
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A C C E P T E D M A N U S C R I P T [21] 
A C C E P T E D M A N U S C R I P T [22] controls > preHD preHD > controls Cortical complexity differences between healthy controls and preHD as a result of two-sample t-tests, showing stereotaxic coordinates of peak-voxel, anatomical denominations, cluster size (k) and Z-scores from regions surviving a FWE-corrected cluster-level threshold of p<0.05.
controls > preHD
Anatomical region x y z Z k
Left putamen -24 0 -2 6.5 2470
Right putamen 24 2 2 6.5 2515
Voxel-based morphometry differences between healthy controls and preHD as a result of two-sample t-tests
showing stereotaxic coordinates of peak-voxel, anatomical denominations, cluster size (k) (voxels per cluster) and Z-scores from regions surviving a FWE-corrected cluster-level threshold of p<0.05.
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A C C E P T E D M A N U S C R I P T [23] -There are differences in measures of cortical neurodevelopment between preclinical carriers of HTT CAG repeat expansion mutation and healthy volunteers -HTT CAG repeat length may have an influence on cortical folding without evidence that this leads to developmental pathology Processes governing cortical neurodevelopment influenced by HTT CAG-repeat expansion mutation seem to be independent of the events that lead to neurodegeneration
